We have proposed a logistic time constant ( L ) as a better index of isovolumic lusitropism (relaxation speed) than the conventional monoexponential time constant ( E ) in the canine left ventricle [1] . We derived this proposal from our finding that a logistic function fitted the isovolumic relaxation pressure curve, P(t), of the canine left ventricle more precisely than a monoexponential function [1] . The rationale for this logistic curve fitting emerged from our earlier finding [2] . There, we were able to fit the entire pressure curve of ventricular isovolumic contraction by the difference of a rising logistic curve for contraction and a falling logistic curve for relaxation [2] . Moreover, the overlap of the rising logistic curve on the falling logistic curve has virtually disappeared by the middle of isovolumic relaxation [2] . Soon after we proposed L [1], a clinical study confirmed the superiority of L to E [3] . Therefore, we consider L to be a reliable and beneficial index to describe ventricular lusitropism in contrast to E , which suffers from vari- Key words: heart, myocardium, lusitropic index, relaxation speed, diastole.
Absract:
We have found that a logistic function fits the left ventricular isovolumic relaxation pressure curve in the canine excised, cross-circulated heart more precisely than a monoexponential function. On this basis, we have proposed a logistic time constant ( L ) as a better index of ventricular isovolumic lusitropism than the conventional monoexponential time constant ( E ). We hypothesize in the present study that this L would also be a better index of myocardial isometric lusitropism than the conventional E . We tested this hypothesis by analyzing the isometric relaxation force curve of 114 twitches of eight ferret isolated right ventricular papillary muscles. The muscle length was changed between 82 and 100% L max and extracellular Ca 2ϩ concentrations ([Ca 2ϩ ] o ) between 0.2 and 8 mmol/l. We found that the logistic function always fitted the isometric relaxation force curve much more precisely than the monoexponential function at any muscle length and [Ca 2ϩ ] o level. We also found that L was independent of the choice of the end of isometric relaxation but E was considerably dependent on it as in ventricular relaxation. These results validated our present hypothesis. We conclude that L is a more reliable, though still empirical, index of lusitropism than conventional E in the myocardium as in the ventricle. [Japanese Journal of Physiology, 50, 479-487, 2000] ous theoretical and practical problems [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
We have also found that the same difference of two logistic functions as we proposed for ventricular relaxation [2] could precisely fit the entire force curve of myocardial isometric contraction [19, 20] . The overlap of the rising logistic curve on the falling logistic curve also disappeared by the middle of isometric relaxation [19, 20] .
Therefore, we hypothesized in the present study that the same superiority of L to E as for ventricular isovolumic lusitropism would hold for myocardial isometric lusitropism. To test this hypothesis, we analyzed the isometric relaxation force curve of twitches of ferret isolated right ventricular papillary muscles at different muscle lengths and extracellular Ca 2ϩ concentrations, [Ca 2ϩ ] o . We obtained results that validated our present hypothesis. Therefore, we conclude that L is a more reliable index of lusitropism, though still empirical, than E in the myocardium as well as in the ventricle.
METHODS

Preparation and apparatus.
Experiments were performed in the popular, standard-type, isolated and Tyrode-perfused right ventricular (RV) papillary muscle preparation of the ferret [19, 20] . We conducted them in conformity with the Guiding Principles for Research Involving Animals and Human Beings endorsed by the American Physiological Society. Surgical procedures are described in detail elsewhere [21, 22] . Briefly, eight ferrets (body weight: 500-900 g) were anesthetized with sodium pentobarbital (80 mg/kg, I.P.) and the hearts were quickly removed. The intracoronary blood was washed with Tyrode solution through the aorta, and the RV free wall was opened. A thin papillary muscle (diameter: 0.5-0.9 mm) was excised from the RV, and put in a bath continuously perfused with Tyrode solution at 30°C. Both ends of the muscle were tied with thin silk threads. The muscle was mounted horizontally in a perfusion chamber. A pair of electrodes were placed in parallel with the muscle for electrical stimulation. One end of the muscle was connected to a tension transducer (stray compliance of 2.5 m/g, unloaded resonant frequency of 1 kHz, BG-10, Kulite, NJ, USA). The other end was connected to an electromagnetic motor (JCCX-101A, General Scanning Co. Inc., CA, USA) to alter muscle length. Before starting the experiment, muscle length was adjusted to the length for maximum developed tension, L max . The muscle was excited at 5-s intervals by 5-ms square pulses. The average muscle length and cross-sectional area of the eight muscles used were Data recording. We recorded and analyzed a total of 114 isometric twitch-force curves in eight muscles. The length and force signals were sampled at 1-ms intervals and digitized with an A/D converter. These data were stored in a computer hard-disk. To suppress small noises in the digitized force data, the sampled data were smoothed digitally by a nine-point, non-weighted moving average.
We limited the isometric relaxation time from the peak rate of fall or negative time-derivative of the force curve [ϪdF(t)/dt] to the point when the force returned to the resting force level.
Curve fitting. We used the same logistic function to fit the observed isometric relaxation force curve as we used to fit the canine ventricular isovolumic relaxation curve [1] . Namely,
where F A is amplitude constant, t is time from peak ϪdF(t)/dt, L is time constant of the exponential term in the denominator of the logistic function, and F B is nonzero asymptote. We limited t above zero (tՆ0) to fit Eq. 1 only to the force curve segment of the isometric relaxation after the peak ϪdF(t)/dt. For tՆ0, the logistic function curve given by Eq. 1 decreases monotonically and even exponentially as seen in Figs. 1-3, but not in an S-shaped manner. Despite the exponential appearance, Eq. 1 is not mathematically exponential. We designated L as the logistic time constant [1] to distinguish it from the conventional monoexponential time constant that Weiss et al. [4] called and many groups used widely in experimental and clinical studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . We compared the goodness of fit to the same observed isometric relaxation force curve between the logistic and monoexponential curve fitting. As the monoexponential function, we chose the following equation:
where F 0 is amplitude constant, t is time from the peak ϪdF(t)/dt, E is the exponential time constant, and F ∞ is nonzero asymptote. Equatiion 2 is a better monoexponential function with a nonzero asymptote than Weiss' original monoexponential function with zero asymptote [4] . For more details of the mathematical difference between Eqs. 1 and 2, refer to the AP-PENDIX, or directly to Eqs. 1-6 and Fig. 1 of our previous paper [1] . We compared the goodness of curve fitting between Eqs. 1 and 2 to all 114 isometric relaxation force curves obtained at different muscle lengths and [Ca 2ϩ ] 0 levels in the eight muscles. Fitting was limited to the same isometric relaxation time from the peak ϪdF(t)/dt to the point when the force returned to the resting force level as specified above. We obtained L and E and studied their relations with the corresponding muscle length and [Ca 2ϩ ] 0 . Cut-off point. We also studied their relations with the cut-off point of fitting (i.e., choice of the end of isometric relaxation). Our previous study has proved L to be advantageous in its independence from the cut-off point in the ventricle over E [1] . The cut-off point dependence of E means that the relaxation pressure curve deviates from an exponential curve although the curve appears exponential [1] .
In the present study, we advanced the cut-off point of the relaxation force curve from the specified relaxation time for zero developed force back to 5 and 10% higher developed force levels (cut-off point 0, 5 and 10%, respectively). Here, 100% meant the developed force at peak ϪdF(t)/dt, but not peak isometric force.
Statistics. We first evaluated the goodness of logistic and monoexponential curve fittings by comparing correlation coefficients (r) between the observed relaxation force curve and the best-fit logistic and monoexponential function curves. We tested the significance of the difference of these r values in the following nine groups for different muscle lengths and We also analyzed residuals of the best-fit logistic and monoexponential function curves relative to the corresponding relaxation force curve. We then compared the residual mean squares (RMS) in the same nine different groups for different lengths and [Ca 2ϩ ] 0 levels by Wilcoxon test (p. 128 of Snedecor and Cochran [23] ). RMS was calculated as the residual sum of squares divided by the residual degrees of freedom (the number of data points analyzed minus the number of parameters in the function) [1, 2, 19, 20] . The residual degrees of freedom in both logistic and exponential fittings were the same because the number of data points used for the fitting and number of parameters in the function (ϭ3) were the same in each case.
We compared L as well as E among the nine length and [Ca 2ϩ ] 0 groups by two-way analysis of variance (ANOVA) and Bonferroni's t-test. We always used pϽ0.05 for statistical significance. Figure 1 shows a representative set of the observed isometric relaxation force (thick dashed) and best-fit logistic function (thin dotted) curves. Figure 2A and B compares the best-fit logistic and monoexponential function curves (thin dotted) to the same observed force curve (thick dashed) obtained at 100% L max and [Ca 2ϩ ] 0 of 2 mmol/l. Both fittings appear equally excellent. However, r between the observed curve and its best-fit function curve was 0.9999 for the logistic fitting, significantly greater than 0.9991 for the monoexponential fitting. Figure 2C and D compares the residual plots in this case. Residuals were the differences of the best-fit logistic and monoexponential curves from the same observed force curve at all sampling points. The residuals of the logistic fitting were significantly smaller than those of the monoexponential fitting. ] 0 group indicated a significant difference of Z-transformed r values between the logistic and monoexponential fitting. The logistic r was always significantly closer to 1 than the monoexponential r. Pooling all data, r in all 114 fittings were 0.9996Ϯ0.0004, ranging from 0.9983 to 1.0000 for the logistic fitting, and 0.9983Ϯ0.0001, ranging from 0.9963 to 0.9998 for the monoexponential fitting. The former mean value was significantly greater than the latter (pϽ0.001 after Z transformation) and the former range was significantly smaller than the latter range.
RESULTS
Logistic fitting
Comparison with monoexponential fitting
We compared RMS values between the observed relaxation force and best-fit logistic and monoexponential function curves in the same nine groups. for the logistic fitting and 0.27Ϯ0.41 (mN/mm 2 ) 2 for the monoexponential fitting. The former was 1/4 of the latter on average (pϽ0.001). The goodness of the logistic fitting in both r and RMS was thus always superior to that of the monoexponential fitting. Figure 3 compares the effect of advancing cut-off Logistic Time Constant ] 0 , extracellular Ca 2ϩ concentration; n, number of the isometric twitch relaxation force curves in a total of 114 curves. Statistically significant difference at * : pϽ0.05 or †: pϽ0.001 analyzed by two-way analysis of variance (ANOVA) and tested by Bonferroni's t-test. N.S., insignificant.
Time constants
Cutoff points
point of fitting on L and E in a representative isometric relaxation force curve observed at 100% L max and [Ca 2ϩ ] 0 of 2 mmol/l. We advanced the cut-off point from the specified end of relaxation (0%) to the 5 and 10% higher force levels. Advancing cut-off point changed L little, but increased E considerably. All of J. MIZUNO et al. Fig. 3 . A representative set of logistic (A-C; thin dotted) and monoexponential curves (D-F; thin dotted) best fitted to the same observed relaxation force curve (thick dashed) in one muscle. Cut-off point was advanced from the specified end of relaxation (0%) (A and D) to 5% (B and E) and 10% (C and F) higher force levels (cut-off point 0, 5 and 10%, respectively) at 100% L max and [Ca 2ϩ ] 0 of 2 mmol/l. Logistic and exponential time constants ( L and E ) and correlation coefficients (r) of fitting are listed. ] 0 , extracellular Ca 2ϩ concentration; n, number of the isometric twitch relaxation force curves in a total of 114 curves. Statistically significant difference at * : pϽ0.05 or †: pϽ0.001 analyzed by two-way analysis of variance (ANOVA) and tested by Bonferroni's t-test. N.S., insignificant.
the other cases in this muscle, as well as the other muscles, yielded similar results. Figure 4 compares the dependence of L and E on advancing cut-off point at 100% L max and [Ca 2ϩ ] 0 of 2 mmol/l in A. The advanced cut-off point increased E more sensitively with than L . This difference was more explicit after normalizing E and L relative to the 0% advanced cut-off point (pϽ0.005, paired t-test) in B. We obtained similar results in all other cases using this muscle as well as all of the other muscles.
DISCUSSION
Logistic fitting. The present results evidently indicate that the isometric relaxation force curve after the peak rate of fall in the ferret right ventricular papillary muscle is closely fitted by the same logistic function as the left ventricular isovolumic relaxation pressure curve in the canine heart [1] . This logistic fitting enables us to obtain the logistic time constant L as a reliable index of lusitropism in the papillary muscle in the same way as in the ventricle [1] .
Problems of exponential time constant. Exponential time constant E has been widely used in both experimental and clinical studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] since the Weiss et al. proposal in 1976 [3] . However, the monoexponential function has several well-recognized problems, such as poor fitting in the initial phase and inaccuracy in the end-relaxation phase [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Therefore, previous investigators had to use various relaxation cut-off points for the monoexponential function [3, 4, [10] [11] [12] 15] , and there has been no consensus about the best cut-off point to be chosen [1, 3] .
Although the relaxation segment of the ventricular isovolumic pressure curve appears exponential, the exponential fitting is empirical [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The exponential fitting to the myocardial isometric relaxation force curve may appear acceptable in practice, as shown in Fig. 2B . However, the considerable dependence of E on the choice of the relaxation cut-off point is a serious disadvantage in comparing E between contractions ( Figs. 3 and 4) . This cut-off point dependence easily changes E inadvertently even when the lusitropism remains unchanged. This dependence indicates that the isometric relaxation force curve is not exactly exponential near the end of isometric relaxation. We confirmed the same situation for ventricular isovolumic relaxation for canine heart [1] .
Advantages of L . There are several advantages of L as an index of myocardial lusitropism. First, L is much more independent of the choice of the relaxation cut-off point for fitting in the myocardium (Figs. 3 and 4) , as in the left ventricle, than E [1] . Despite this difference, L behaves in parallel to E when either preload or contractility or both change (Tables 1 and 2 ). This advantage has recently been confirmed in the left ventricle of human normal and failing hearts [3] .
Although the logistic function (Eq. 1) may appear complicated, it has the same number of parameters (F A , L and F B vs. F 0 , E and F ∞ ) as the monoexponential function (Eq. 2). F A , L and F B in Eq. 1 have similar theoretical meanings to F 0 , E and F ∞ in Eq. 2, respectively [1] . Furthermore, the logistic function is already popular in bioscience; it has been used empirically widely and successfully to express various rising and falling S-shaped curves that are neither precisely nor theoretically exponential [24] [25] [26] . Although the entire logistic function curve is S-shaped [2, 19, 20, [24] [25] [26] , it is symmetric at its mid-point for the maximum rate of change [1] . Therefore, although the half segment of the logistic function curve also appears ex-Logistic Time Constant ponential as seen in Figs. 1-3 , it is mathematically different from the monoexponential function curve.
The aim of the present study was testing the hypothesis that the same superiority of L to E would hold for myocardial isometric lusitropism as for ventricular isovolumic lusitropism [1] . Therefore, we did not evaluate the curve fitting of other functions with a greater number of function parameters than Eqs. 1 and 3 [3, 18] . It is theoretically reasonable that function curves with greater numbers of parameters could fit the same data better than logistic and exponential curves with only 3 parameters [1, 18] .
Limitations. Although the present study has shown the logistic fitting to the isometric twitch relaxation force curve to be excellent, it is still an empirical model like other models proposed in literature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Therefore, it remains yet unknown whether myocardial and ventricular relaxation has a logistic mechanism per se [1, 19, 20] . However, we could suspect that all of the mechanisms underlying myocardial relaxation [27], such as membrane repolarization, excitation-contraction coupling, crossbridge kinetics, their inhomogeneity within the myocardial preparation, etc., manifest as a whole or integratively the apparently logistic lusitropism. Therefore, our contention is that myocardial and ventricular relaxation has a logistic character, but not a logistic mechanism. A search for the logistic mechanism in myocardial relaxation seems warranted.
Another limitation may be the experimental condition and animal species. We have so far confirmed the logistic character of isovolumic and isometric lusitropism only in the left ventricle of the canine excised, cross-circulated heart around 36°C [1] and the Tyrode-superfused ferret right ventricular papillary muscle at 30°C in this study. However, the confirmed superiority of the logistic lusitropic index ( L ) in the human left ventricle [3] strongly suggests the generality of logistic lusitropism in mammalian hearts. A search for further generality of the logistic lusitropism in other animal species under various experimental conditions may be warranted.
Conclusion. We conclude that the logistic curve fitting holds for the isometric relaxation of the myocardium as in the ventricle [1, 3] . The logistic time constant ( L ) characterizes myocardial lusitropism more reliably than the conventional exponential time constant, as in the ventricle [1, 3] . 
